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Sort tine human tolerance criteria for sinusoidal vibration from
1 to 15 cps were determined using 10 healthy male subjects renging in
age from 23 to 34 years. At esach freyuency, the amplitudle was increased
at & cmstant rete from sero to the point where the subject stoppad the
run because he thought that further increase might cause actual bdodily

harm. The lower lewvels of tolerance were found to be between 1 and 2 ¢
ut)f;&mmdat'f-&cpo. The highest tolerance level of 7 - 8 g
vas

at 15 cps. Subjective tolersnce limits were found to be

E

by one or more of seven apecific sensstioms or symptomc. Physio-
logical observations during vitration expoeure were also made.
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INTRODUCTION

The effect of mechanizal vibrations on man has stimulated wuch inter-
est for many years. Frperimental activity in this field has paralleled
tha inereesins frequency and severity of human exposure to vibrations
brought ato.” by mstorized transportation nnd industrisl growth. In
avistion, the interest concerning the effect of vibrations on pilot, air-
crewman and passenger has siifted in recent years from the higher {re-
quency vibrations induced by the motor to low froquency, high amplitule
vibrations due to aerodynamic forces. The latter are already a disturb-
ing factor in high speed; low altitude flights (buffeting} and appear to
be of vital importaince in the launch end re-entry phase of rocket pro-
pelled, manned spacse vehicles.,l Criteria defining the humen limits of
comfort, performance and safety in the vibration environmeats associnted
with various air- and space-craft missions are needed for the design uri
operation of these craft.

Fravious studies?s31455,6,748,9,10,11 naye been dasigned Lo
determine human response =nd tolerance to sinusoidal vibraticns from
1 to "0 cps. In these studias the subjects were standing, sitting or
lying down on the horizontally or vertically vibrating platforma. Varioes
subjective responsss {rom the threshold of perception tc pain have been
defin 1 and used to classify thu sensaticns. Some of the criteris vere;
just perceptiblp, definiue.y percertible, noticeable, unpleasint,
annoying, objectionable, exceedingly ammoying, psainful. and unbearabls.
It is obvious that these terms are wide open to subjective interprets-
tions and are only to provide a gencral classification of the perceived
‘sensations. In analyzing the results of several investigators in terms
of willingness cf a_subject to tolerate various levels of vertical
v!%rations, Coldman® shows that the variability among differesnt studies
is very great.

Assuming thet cnvironmental conditions were kept constant the most
important factors effecting variations iu the reaponse to vibraticna ace:
experimental procedura, exposure time, beody posture and avm positioning,
type of seat, seat belt ani harness, and clohhing. The studiea swmar-
ized by Goldman probably had exposure time and experimental.procedurs as
main variables, and no syecial affort had beer mede in thess studies tc
increase toulerance by proper seating and protectiom, two aieas still open
for study. It is conceivable that vibraticn levels, vhich might be judged
annoying, when exposed to them fcr a tew minutes, become painfi:! and
intolerable after half an hour or hcurs. The abzolute highest tolerance
levels are %o be expected for exiremely short exposure time., The purpose
of this study was to find this short-time limit of subjective, voiuntary
tolerance for vsrtical vibrations and to define this tolerance. The
frequency range from 1 to 15 ops was sclected becauis buffeting and im-
pact locds wake ~hori.time exposure fir second= or fractlons of a secowd
in this range espocially 1mmortant., Tolerance is therefore definsd as
tiie dogree of stress humesn subjects are willing to undergo without
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noticeable injury. OSince meximum tolerance limits for militsry applice-
tions were desiied, stenderd seat snd harness vere sslected esccordingly.
but in no way constitute opiimum designs to increass vibratiun tolerance,

The tolerance levels obtained are considerably nigher than previous
results under 4ifferent conditions, especiallr longer exposure times.
This study can only be consiceced the begiuning of a series of time-
tclerance studles, which, for practicel applicationa, will heve Lo be
extended to tho {ield of randrm, vide bani vibrations as well. These
studies &r: supolemented by animal experiments*¢:12 vsing vibraticns
above the tolertnce Jevel esiublished here, so that severe phyeiclogical
and pathologiczl ~ffects can be studisd and correlated with the first
danger symntoms obuerved In approcaching the tolerance limit., The (ew
known cases {n the litersture where humans have been exmosed 1o levels
clearly above the tolerance 1imit!3, as defined here, also help to

verify this limit.
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¥ETHODS AND MATERTALS

Subjecia

2 punel of 10 merbers was aszembled. The sublectis were no. asked
*0 jcin the panel; they indsrendently volunteered to participute in the
axperiment. Their ages ranged from 23 to 34 years, their welghts from
142 1o A0 wowsds =md their helghts from 5 fi. 7 in. to 6 ft. 2 in,
{(tzole T). :

TABLE 1
VITAL MEASUREMENTS OF TEST SUBJECTS

SUBJECT AGE WEIGHT HEIGHAT
= T
BW 32 195 6 0
CR 24 128 & 11
DF 23 200 8 1
EW 20 150 5 0
HR 34 200 5 1¢
LY 25 143 5 7
ME 28 210 6 0
RE 26 145 5 7
RM 24. 168 8 0
SR ‘ 27 197 )

WARC TR 59-391 3



Zvnarimental Equinpment

A2 vibrations used in this experiment ‘rars sirusoidsl in nature. A
Western Cear mechanicel shake table (fig. 1) wes utilized to attain Zre-
quencies ranging from 3 to 15 cps. With this machine, i+ vas possible to
attain an excursion in the vertical plane anywhere from O to 22 cm. The
amplitude may only be incressed from zero to any point up to 22 =m D.A.*
t a coustant rate of 0,75 rm D.A./sec characteriitic of the machine;

onvercely, the smplitude may be decreased anyvhere frcm 22 om D.A. 10 O
et the same constant rate. The sheke table may alsc be run &t constan’
frequency and amplitude within the sbove described range. Tia frequency
and amplitude are Jdirectly read from tho shaka tzbie inatrumeatation.
Addition«1l instrumentation for ths dsvice cmsisted of an accelerometsr
mauntad on the vitrating platform whers ithe wvwtject was seated. The
acceliviometer was connected to an uscilloscope so that acceleration
zould be ohserved for memitoring purposes.

O

At 1 and 2 cps the amplitude necessary tc reach tolerance could not
be ohteined on the shake table, therafore, the "Vertical Accelerator”
(fig. 2) was used for this part of the experiment., This devics can
produce vertical sinusoidal motions with an amplitude of + 10 feet D.A,
with &i acceleration limitation of + 3.5 g up to 7 cps; random nolse
patterns can alsc be reproduced. The seating arrangement is identi:al to
the shake table. The only difference is that the subject wsars a sterd-
ard Aip Force crash helmet vith an intercowmunication gystem so that he
may converse with tho operator and medical observer.

The subjects were seated tn simmlate the position of a passsnger in
normzl flight, although during space flight the passenger vill probably
" assurme a semi-recumbent position. A modified T-33 jet aircraft seat wvas

nounted to the vibreting rlatform; the seat is made of reinforced flat
plywood board and no cushaons were used. VWith thiz the true motion of
the vizretirg pletform was trensferred to the subjsct with i mirimm of
change. The subject sat with his coceyx nresaed firmly agsinst the back
of the seat 3o that a nearly veritics® position was maintained during the
run. He wes sirapred ints the chair with a standerd Air Force lap belt
and shoulder harness which were tightened so that tha subject comld not
move 1ln elther the vertical or horizontal directions, Care was taken to
avoid impeiring respiretory movemenis, and the viuratory charastaristics
of the abdomen and its contents were changed as ii:iils us possidis, The
subject's fost wers strapped down anugly to the vibrating platform. The
thighs were not. supported from the buttocks down (fig. 2). The head was
not supported although a heed irest was attached to the seat to saleguard
aezainst severe wvacillailons.

The subject was able to grip the sxcended arm rests vhers a signal
button was conveniently located. VWhen the button was pushed, a busser
sigrsled the operator ts slop the run immedlately.

¥Double Amplitude
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Figure 1. Western Gear Mcuia
Scat was Mounitsd.
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nicsl Sheke Table on which a T-33 Jet Alrcrafi

Figure 2. ({left)

Vertical Accelerator.

Subject is shown in the

poaition assumed for ali

‘runs in a T-33 modified
- J2v aircraft seat attach-

oG to vridbrating platform.

.'SubJGQt hae gerstant

commmnication with the
medical nhserver and

-operator. Russgency dut-

tons ars localed bilater-
ally at end of arm rest.



 Experimentsl Procedi.g.

The frequencie. were presst and renainz? coatar through-ut the run.
The 1un began by increasing the amplituda from zerc; cue to the large dias-
rlacements used at 1 and 2 cps, the amplitnds was increased ot 2 constant
rate of 1C mm/sec D.A. %nen t~ierance was reached the subject pressed
the buzzer button which signelsd the cpevator to stop the run immedirtely.
At this point, the amplitude wea reed.

The panel members wore indroduced 1o the problems of Flighi. wxler the
influence of low-frequeney vi nrntmna. They were familiarized vith +ha
Uartical Accolerator and thr uzhicke talle OF nLoving preliminary rides at
various frequencies conoiderszhbly below tolerance levels,

The subjects were then briefed on the exjurimental procedure. It was
made especiaily clear that this study was attempting tc defire the limit
of sinusoidal accaleratirm at waxiocus frequencies a rider would ve willing
tc undergn before it was thought that actual vedy harm would occur. It
wae furthor cmphesized that the limit of sinusoidal acceleration was not
discomfort. <he subjectz wore uo! ~iven information as to what sensations
they could experience. The panel members, with the exception of the c¢ne
medical officer, had no insight intc symptomology. Immedlately af'ter each
1rur. the subjects were esked to give their reason and deseribe in detail
the sersations which were the primarv cause for stopping the run; care was
taken to keer prompting at a minimi.. The criteria of tolerance for thias
exverinment, therefore; were compleisly subjective, 2.s., ccupletely
dependent upon any sensations the subisct might encounter. Uhen it couid
not be dscidsd which sensations wers more proncunced, wmore than one reason
was given for discontinuing the run., 3Since the maximm obteinable acceler-
ation on the Vertical Accelerator, at the time of this study, was slightly
under tolersance 1limil at 1 and 2 ¢ps, the subjects were asked how close
they were to their tolerance limit. Each rider estimated that his toler-
ance was very near to being reached, Accordingly, the tolerance limits at
these two fraguencies have been empirically determined.

A medical officer was stetioned next to the sheke table so thet direct
ccomurication was easily maintainad; or on & platform opposite the center
11ue of the Vortical Accalerator near the path of its carriage. Here the
obgerver had conxtant ;i:one communlcation with the rider and operator. His
duty was to etop the run if the subject elicited =igns of brdily harm.
Blood pressure, pulse rate, respiration and FCG were observed before and
atter the ran to take heed of sany alnermalities that might arise and to
cbaerve lasting phvsiologioal phemmena. Blood pressure tas teken bty the
gusctltatory methud. 4n sticept wes made Lo obtain pulse rate and ECG
tracings during the run, These tracings met with 1little success bevauso
cf oxirems musculaer ectivity enc:r:::tared during the run.

Each subject was exposed to 11 rides, vhick ccnsisied of two Cre-
quouclies per day. The reags from ) to 10 cps was covered in l-cyele steps;
the 11th f'reuuency was 15 cps. The .i}eﬂuonce of exposure to thsse frequen-
cies waz randomly chosen. The aubjeote were asked to report any lasting
symptoms o observations on the days foll. ouing the runs. 3ud no smeh
rencrts were recsived, _

WADC TR 59-39% 6
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RESULTS

The results are mresented Zu figure 3. They consist of ihe arith-
metic mean, the standard deviation of the mean and the extreme g values
found for esch frequency.
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S Table I lists thc reasons tiven by the eublectc for atowir the
sun. There are seven sensrtt .o or symptoene, fenr of uhish pra noin
coferable to o specific repinn, i.e., hesl, shest, abluwn “n? toeti~lng,
it remaining three sensaiions zre vold of nain, i.e., Avsincis, reloreble
Lo the respiratery system, diccumfort referable to a _-neralizel condi-
tion,and amzlety, suggacting a generalized nsychological responce,
devieving W symprams of the subjects alds in elucideting the physio-
logical mwechanisms.

TABLE I
CRITERIA OF TOLERANCE
] -— i
) SYMI'TOMS i
CYCLES Lipgominal] Chest Iresticular| Head | General |
r * ; ’ nea | Anxistly -
PER Pain Pain Pain Sym.ptoms ysp Y {Dscomiost
SECOND ‘ g
" - ' ) P PR XEE K] xx~ |
! ! X XX
5 X XXX X XX XX i
X X X —
5 'S Fx X TX XXX | X XXX AX]
.
[ . X X | X x X X X X x X XX XXX
5 X R XX R - v I X XX
| X
. XXX | XXXX X XX XX
; X X XRAXX] X X X
R X Tx xxx | % X X XXX
! R X X Poxx x ) X XX XXX
| . {
x ¥ ¥ X '
10 X ! X X LY i
| . . !
s { RAXXX |
i l XXX J

411 subjects exporieiiced the zensation of df:plercement of the body wod
ite perts during the run. This sensetior was menticrsd o5 lue limltine
Saoiol, aduue ur lu compination wWiln other symptams, only vhen the intens-
ity of the displacements becwss 20 sgvere that It w.e= T}y o bodily
damage might oczur. The abdominal pain had a slow onss., ..3 dull ~md
aching in nature, and gradually increased in intocnsity =2 the run contin-
ued, The pain distribution was abomt or Ymiow the uchilicus and oiten
described as 'gas pains." The chest “ain had a distribution suggestive of
the pain experienced in coronary heart disease, i.e., duil, aching pain
vhich increased in intensity ns the rida continvnsd, The poln cocwrrsd at
the substernal or pracordial areas and {r:fusnily extandad across ths
entire chest. Howevsr, in some ceses thila pain was intemsitied by respir-
atory movements, althcugh not to the extent of intarfering with respire-
tion, Testiculer pain was described as pein of the“groin, being colliar
in nature. Tne head sensaiion was detcribed s3 a dull, sching pein of low
intensity ov & full congested feeling, &s if tho head were expanding
sopevhsat, o ‘ '
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lo summsrize, all <7 the esbove peln sensilions were described us
haviag & mibtle onset, GoinZ Aull in naiture, ~f lov inlensity and increas-
ing with crescendo-like charactaristic, Wi*h the preceding deseriptic: it
is observed thot the end poilsnt or inlerance le el was sttained w21l after
the ebove sympioms ~ommanced, therefore the paln had attained gnelities
of such proporiicis that the subject thought by continuing the run any
further, vodily hierm vould result, The pain sensatiocits cease! ulter the
run except :.r 1eadt sains vhiek lsoted geveral minutcco,

Dyspnea and general discomfurt hed an onset similar %o the painfnl
sensations, . slow insidicus onset bullding up to sn unbearatle intensity.
The resniratory movements vore deseribed as being impairved to sueh an
extent thet all ol the subject’s attention was focused on overcoming the
rapid disrlacements of the thorax and abdomen vhich inhibited grseous

exchange.

General discomtort was described as ths sens=ation of varioua bdody
parts -- muscles, joints, thorax and sbdomsm -- being torn or falling apart.

ifter experizncing the first rides tie subjects developed and main-
teined a state of mild anxiety toward the runs throughout the rest of the
experiment, ihere were sever episodes where the subjects felt that toler-

ance wes based on extreuwe anxlety.

By comparing the velues before end after each run, puise rate was
ooserved o increcase as mich #s 15 beats per minute and blood pressure
showed = increase &s mwuch as 10 mm of Hg. whicn quickly returned to
normal. The ETTJ showed a compensatory bradycardia following the increased
heart rate soon after each run. No ebnormel ECG pattern was observed
throughout the experiment. Vertigo and "seasickness” were not experlenced

during this study.



DYSCTISSION

Inasmuch a3 tolerance is defined by the degr=e of stress humen sub-
jects arc williag to undergo (rather than by measurable changes of physto-
YTogical functicns which actuclly would indicate that the limit of toleraice
had been exceeded), the subjective response oI the test subjects was chosen
es the criterion of tolerance., Despite the facc that the results of thi:
stidy were vidaly depsndent upon ths individual's psveche and the svbjective
conditions prevailing st the times of the experiment, the spread of the
cumve e surprisingly small (fig. 3, p.8 ). It suggests that different
individuels are somehow similarly affected by the serc tjpec of vibratory
stimilation. Two fecisrs, discussed baliw, may be respsnsible for this

similarity of respouied.

Firat, thec men body as & mechanical system represenis a complex
spring—mass dystem. The body types of the subjeclc with ruapect to ithelr
mechanical propertics were fairly consistent end characisriatics of t.ds
spring-mass system may “e s3sursd in the seame order of magnitude as shiwn
by impedencs measuremente.l0s15 Tha veriations ¢f the mechanical charsc-
terictics of 2ifferent test subjecis in the same position are indeed small.
Aence, LV usy be expected that the mechanical response of the body of all
subjezts to an identical mechaniecal stimulus and the resulting energy
ransmlission is tairly consistent, %oo.

Second, the thrssholds for proprioception and for perception of pain
are characteristic of tlie spacies and deviations wculd be expected to be
small, ’

The adequate stimlus for hoth proprioception and pain percepiion on
whiich, generaily, the criteria of tolerance in this study are based, is
the e¥fccit of displacerent on the bedy, l.e., relative displacement of
differen’ lissue complexes with respect to nach other. Both propriccep-
tion and pain are quantitative sensations depending upon the degree of
displacement and/or the number of recentors affccted. They represent a
continuum of cencations with overlapping which acts as an excellent
informative and prntectives mechanism. By applying these facts to the
groblems of vivration it becomes apperent that th: subjectiva tolerances
found at varicus freauanaies eye dciorminid Uy Uie degrae of aisplacement
occurring at specifiec Lady regions, On this basls an sxplanation of the
symptoms the tcst suhjrcts experienced at tolerance lovels nay be
attempted.

1. Ablominal pain is believed tc be caused by streiching of the
terminal ileum, cecum and hepatis flexure of the large intis-
tirzs and its supporting mesentery.

2. Chegt pain vhich most commonly occurred between 5 end 9 ops
could easily have 1is origin {rom mechanical stimlation of the
vibrating heart on the diaphragmatic psricardium and on the
racletal pericardiunm about the base of the heart, anmdfor Tram
stretching »f the major vessels rnd their supporting structwres
due to displacement. Disnlacemsn® nf thrs dlashrogm ab ite
anterior atiachments is also helieved tn be a source of pain,

WADS IR 55-331 10



2. Tgptizsl peign is evoked by stretching the spermatic cord
TeTiiting from the cyclic excursion of the testicles and 1ts
surrounding tissues. The displacement necessary to elicit
unbesrsble pain is very small because of its pein fiber
charezturistics and distribution,

4. Beud sygptoms are more difficuit % svaluate. Part of the
sensation is rrstably due to the displacement of the facial
skin and the suxutaneous fat lgvers ebout the underlying

. bony structures. 'hal part ' = brain, the spinel cord and
especially spinal fluid play in the origin of head symp-
toms i3 yet to be determined.

2e Dysonea which occurred exclusively in the low fremiensy —anea
1.0., between 1 and 4 cps, is undoubtedly & result of the
cyciic motions of the thoraco-sbdominal system 14 Active
respiration was made very Aifficult Y=y the vibratory force
acting cn the avdominal mass thereby decreasing diaphragmetic
movement and on the thorascic cage decreasing thoracic volume.
The amplitude of this passive respiration wes such that the
oir column oscillated proportionately more within the trachea
and bronchial tree, thereby decreasing gaseous exchange,

-

6. Apdely vas probably causad by a nmltiplicity of reasons among
which severe stimulstion of the proprioceptive system and
respiratory impairment play importent roles.

7. Genserasl discomfort, under which varicus sensations of a more
dirfuse character were listed, occurrec over the entire
fraquency range. Most commonly it was described zs a feeling
of "falling apart" of muscles end joints. These are sensa-
tions referable tc the system of <wopriocaptiom.

For all rvas (regardless of the type of symptom whish finelly determined
the l4zil of tolerance; ab higher acceierstion leveld the subjects vere
unsble to perform activities other than exerting sxtreme effort in flexdyg
their skeletal and abdominal musculature to "contrcl® themselves. Near
the end of moat runc it was noticed that the Valsalva maneaver was per-
formsa. This apparsnt tasic reflex of muscle flexing under the influence
of severe vitration stiffens tiie body in order t¢ more effectively resist
the stimuluo which beccmes incroasingly intolerable. The degren of cxer-
cise over a short period of time explaina the changes in blood pressuve,

~ heart rate axd breathing following each run,

fomparing the tolerance curve (fig. {2 dsrivad from this study with
the results of impsdance measuramentsiUs1” a sirdlarity in general
characteristics can be observed. Both ends of ‘the tolerance curve
oxiiti% ateep increases in the sams frequency range vhere the body
impedznos dceresses, The minimm tolerenca fourd at 4 cps is in agree-
ment with a mavimim of impedance at the same frequency. The second
minimum of tolsrancs found £t 7-8 cps, vhich night be referaile to a

natural frequency of the huwart, dco3 L.t agree wlih an incriase of impedanco.

WADC TR 59-39 - 1



Tha tolerance curve derived from this studs ig compacrsd in figure 4
witd tclerance curves mreviously reported.2:3s 59,00 1azsie similarity
can be found in either the general characiaristicsg of ¢ha curves or in
the order of magnitude. The reeason for the dissgieement is based upon
the difference iis experimental procedure applied in this study:

1) Short expcsare tiie
2) Sititing arrangement

3) TUag of a lap ball and stoulder hzrness

It 13 hcped that additicasl studies of tolerance levels for increas-
ingly longer exposure iimes and with varicus seat end harmess arrangements
will ansver the questions raised by ti:css rasults,
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